Introduction
The potato tuberworms, Phthorimaea operculella Zeller and Tecia solanivora Povolny (Lepidoptera: Gelechiidae), are the most devastating pests of potato in Central America (Vargas et al. 2004; Rondon 2010) and particularly in Costa Rica (Hilje 1994) . In Costa Rica, T. solanivora is more abundant than P. operculella. Larvae of both these species cause serious damage in the field and in storage, where losses may be as high as 100% (Vargas et al. 2004; Rondon 2010) . In the field, P. operculella females lay their eggs on the plant, usually on foliage throughout the growing season. Hatching larvae mine leaves, stems and petioles causing irregular galleries. Larvae attack tubers by excavating tunnels mainly under storage conditions (Rondon 2010) . T. solanivora attacks potato tubers exclusively. In the field, females usually lay their eggs at the base of plant stems, and emerging larvae reach the tubers where they dig galleries that result in partial or complete tuber destruction (Niñ o 2004) . Management of P. operculella and T. solanivora has been traditionally achieved using broad-spectrum chemical insecticides applied at weekly intervals (Bekheit et al. 1997; Niñ o 2004; Rondon 2010) , which has prompted highly resistant biotypes of both tuber moth species and adverse effects on beneficials and the environment (Shelton et al. 1981; Aré valo and Castro 2003; Dogramaci and Tingey 2008) .
Baculoviruses (Baculoviridae) are environmentfriendly biocontrol agents (BCA) that are compatible with beneficial organisms and that represent a useful alternative to chemicals for pest control in an increasing number of plant-pest systems (Moscardi 1999; Lasa et al. 2007; Berling et al. 2009 ). This is due, among other characteristics, to their high persistence in the environment when protected from UV light (Fuxa and Richter 2001; Christian et al. 2006) . In this respect, baculoviruses stand out as promising control agents in the context of potato crop protection. They can be applied onto the ground, which shields viral occlusion bodies from UV light and where direct damage occurs on developing tubers. In addition, most baculovirus species have a high degree of intraspecific diversity, which renders them adaptable to unstable habitats like agroecosystems (Cory et al. 1997 (Cory et al. , 2005 Muñ oz and Caballero 2001; Hogdson et al. 2004) . Such heterogeneity is manifested, for instance, by the existence of geographical strains and genotypic variants with differing levels of pathogenicity against their hosts (Lé ry et al. 1998; Hogdson et al. 2004; Cory et al. 2005; Murillo et al. 2006 Murillo et al. , 2007 . Several baculovirus isolates from different regions of the world have been isolated from P. operculella or T. solanivora (Setiawati et al. 1999; Niñ o and Notz 2000; Zeddam et al. 2003; Espinel-Correal et al. 2010; Gó mezBonilla et al. 2011a) . However, only a handful of these have proven highly pathogenic against both P. operculella and T. solanivora (Espinel-Correal et al. 2010; Gó mez-Bonilla et al. 2011a,b) . All of them belong to the Betabaculovirus genus (formerly Granulovirus genus or GVs), and all have been isolated from infected larvae. So far, no soil GV isolates of P. operculella and T. solanivora have been studied. Soil-derived isolates will probably contain higher numbers of soil-adapted genotypes than field-collected isolates from dead insects and may constitute ideal strains for pest control in potato crops.
Baculovirus soil isolates can be obtained by incorporating soil samples into insect-rearing diets (Richards and Christian 1999; Murillo et al. 2006) . In this study, we have slightly modified these techniques for isolation of P. operculella granuloviruses (PhopGVs) from Costa Rican soil samples with the aim of selecting those with high pathogenicity and virulence against both T. solanivora and P. operculella.
Materials and Methods

Insect rearing
The populations of Phthorimaea operculella and Tecia solanivora originally came from Costa Rica and were maintained under constant environmental conditions: 27°C temperature, 60% relative humidity and 16 : 8 (light/dark) photoperiod at the Research Center Carlos Durá n (Cartago, Costa Rica). Larvae were fed on potato tubers, which had been previously treated with hypochlorite solution. Adults were fed honey or 30% (wt/vol) sugar.
Collection of virus samples and amplification
Single soil samples taken from depths of 0-30 cm were obtained from four different sites in Costa Rica: Alvarado and Oreamuno (Cartago), Zarcero (Alajuela) and Abangares (Guanacaste), located at 2320, 1870, 2140 and 1100 m altitude, respectively. Alvarado, Oreamuno and Zarcero recorded potato damage by both P. operculella and T. solanivora during the last decade.
However, given its low altitude, Abangares has not traditionally been a site for the production of potato crops, and no pest outbreaks have been recorded to date for either of the insect species in this region, where new potato varieties better adapted to higher temperatures are now being cultivated.
The sample from Alvarado was 1 kg of vermicompost prepared 2 years before with virgin soil taken from close to a nearby volcano (Irazú ). The sample from Oreamuno was 1 kg of soil taken from the edge of a potato field. In this location of intensive agriculture, tuber moths and other pests are controlled with repeated applications of chemical pesticides, and potato crops are rotated with onion, brassica and carrot crops every year. The low soil pH resulting from the use of certain chemical pesticides in this region is corrected by application of quicklime. Samples from Zarcero and Abangares consisted of 1 kg soil from fields that had remained uncultivated for several years. For each soil sample, 100 g of soil was mixed with 100 ml bidistilled water. Five potatoes were then soaked in these suspensions for 30 min, air dried, placed in individual plastic boxes, infested with 20 neonate T. solanivora each and incubated at 27°C for 25 days. At least one larva with symptoms of viral infection was obtained from all samples.
An additional virus sample was collected from more than 200 T. solanivora larvae with symptoms of granulovirus infection at the insect-rearing facilities of the Research Station Carlos Durá n (2440 m altitude) (Cartago) in 2007. As soon as the virus was detected, the chamber was cleaned and quarantined before rearing was resumed.
For amplification of viral isolates, infected larvae from both species were individually homogenized in 1 ml bidistilled water and used to contaminate four tubers at a concentration of 2 · 10 9 OBs/ml. The OB concentrations were determined with a spectrophotometer and calculated using the method described by Zeddam et al. (2003) , based on the equation: OBs/ml = 6.8 · 10 9 · OD450 · dilution factor. Each tuber was then infested with 25 neonate larvae and incubated for 25 days. The resulting infected larvae were collected and used again for one further amplification round. Finally, infected larvae were stored at )20°C.
PhopGV-CR1, a Costa Rican isolate that had been characterized previously (Gó mez-Bonilla et al. 2011a), was used as a reference. PhopGV-1346 is an isolate from Tunisia kindly provided by Dr. El Bedewi, IPC Egypt, and was multiplied in Egypt for several generations. It is considered the type strain and was used as a reference for biological analyses. PhopGV-4.2 is a purified genotypic variant obtained by plaque purification from the PhopGV-1346 isolate (Vickers et al. 1991; Lé ry et al. 1998 ). The entire genome of PhopGV-4.2, of 119217 bp, has been sequenced (GeneBank NC004062) (INRA/CNRS/Université de Montpellier II, Saint Christol les Ales, France) and used as a reference for molecular analysis.
Purification of occlusion bodies (OBs) and titration of OB suspensions
To purify OBs, ca. 50 larval cadavers were collected and homogenized in 0.01 m Tris-HCl pH 7.5 using a Potter-Elvehjem homogenizer (USA) and centrifuged at 664 g for 5 min at 4°C. The pellet was discarded, and supernatant-containing OBs were centrifuged at 15 000 g for 20 min, and pellets resuspended in 1 ml bidistilled water and then placed on a discontinuous 30%-70% (w/v) sucrose gradient and centrifuged at 30 000 g for 120 min. Granules were resuspended in 1· TE buffer (0.1 m Tris-HCl, pH 7.5 and 10 mm EDTA, pH 8.0) and stored at )20°C. OB concentration was estimated using the spectrophotometerbased method described by Zeddam et al. (2003) .
DNA extraction and restriction endonuclease (REN) analysis
Purified OB suspensions were incubated with 1/10 vol 2 m Na 2 CO 3 . DNA was extracted with phenol/ chloroform and then precipitated with ethanol, as described by Muñ oz et al. (1997) . Between 0.5 and 1 lg of viral DNA was incubated with 10 units of restriction enzymes Sma I, BamHI, HindIII, NruI, MluI, NdeI, DraIII, BstEII, at the conditions specified by the supplier. Reactions were stopped by addition of loading buffer (0.25% bromophenol blue, 40% w/v sucrose in water), loaded in 1% agarose gels with TAE buffer (40 mm Tris-acetate, 1 mm EDTA, pH 8.0) and electrophoresed at 100 V for 2 h. Ethidium bromide-stained gels were then photographed on a UV transilluminator. REN analysis was performed using PhopGV-CR1 as a reference. In silico restriction digestion was performed on the PhohpGV-4.2 genotype sequence using the Clone Manager 5 Software (Sci-Ed Central). REN fragments that were not present in all isolates or in PhopGV-4.2 were considered restriction fragment length polymorphisms (RFLPs). Also, RFLPs absent in PhopGV-4.2 were considered novel, and the nomenclature used to designate them was the same as that used previously for another Costa Rican isolate (Gó mezBonilla et al. 2011a). Specifically, the same RFLP nomenclature of PhopGV-4.2 was employed for the novel restriction fragments migrating immediately below those of PhopGV-4.2, but lower-case letters followed by a number were used instead of the upper-case lettering used for the sequenced genotype REN fragments.
Polymerase chain reaction (PCR)
Amplification of four different PhopGV variable genomic regions (within ORFs 46, 109 and 129 and a region encompassing ORFs 83 and 84) was carried out using different primers (Gó mez-Bonilla et al. 2011a). PCRs were carried out in a total volume of 25 ll, containing 0.75-2.5 ng of DNA, 1 pmol of each primer, 3.5 mm MgCl 2 and 0.5 vol of a mixture prepared by the supplier containing dNTP¢s and Taq polymerase (Promega, Charbonnieres, France). A sample containing all PCR components except virus DNA was used as a negative control. Amplifications were carried out in a thermocycler under the following conditions: a first cycle of 94°C/4 min, followed by 30 cycles of 94°C/1 min, 50°C/1 min and 72°C/ 1 min, and a final cycle of 72°C/5 min. The PCR products (amplicons) were subjected to electrophoresis in 2% agarose gels at 150 v for 105 min.
Bioassays
Bioassays to determine the median lethal concentration (LC 50 ) values of all viral isolates on Costa Rican P. operculella and T. solanivora populations were carried out with neonate larvae (L1). Five different virus concentrations (final concentrations of 0.5, 5, 50, 500 and 5000 OBs/mm 2 on the surface of the potato tuber) were prepared by means of a nebulizer apparatus from purified OB solutions as previously described (Carrera et al. 2008) . Two tubers were used for each concentration, twelve larvae were placed on each tuber, and tubers were incubated at 27°C for 25 days. The number of dead and infected (white) larvae, outside the tubers, was recorded daily. At day 25, tubers were opened, and dead or infected larvae remaining inside the galleries were also registered. Each bioassay was replicated four times. Regression lines (relating log-dose and mortality) and LC 50 values were calculated by Probit analysis (Finney 1971 ) using Polo PC (LeOra Software, 1987 . To compare the LC50 values, the broadly used analysis described by Robertson and Preisler (1992) was followed. When parallelism between regression lines could be assumed to occur, then the relative potencies (LC 50 ratios) and their corresponding 95% fiducial limits were estimated by constraining the slopes of all response lines to be the same. If the lines could not be considered parallel, the LC50 ratio was calculated and then their 95% confidence limits compared.
Results
Isolation of Costa Rican granuloviruses from soil
GVs were isolated in three of the four soil samples collected. In the samples from Alvarado, Zarcero and Abangares, 47, 4 and 1% of T. solanivora larvae present on potatoes contaminated with the diluted soil samples died, respectively. No larvae died on potatoes soaked with the soil sample from Oreamuno. Mortality derived from other entomopathogenic organisms such as fungal spores, nematode larvae or Bacillus thuringiensis was not observed in larvae that developed on soil-contaminated diet.
Characterization of Costa Rican granulovirus isolates
The three soil isolates and a fourth one obtained from diseased T. solanivora larvae could be differentiated at the molecular level by size differences in genomic restriction fragments (RFLPs) obtained with BamHI, NdeI, SmaI, NruI, MluI and BstEII. This allowed their identification as four distinct PhopGV strains (table 1) that were named PhopGV-CR2 for the isolate collected from dead larvae in the Carlos Durá n Research Centre, and PhopGV-CR3, PhopGV-CR4 and PhopGV-CR5 for the soil isolates from Alvarado, Zarcero and Abangares, respectively.
The novel PhopGV strains could be differentiated between them and from the sequenced genotype (PhopGV-4.2) and the reference strain (PhopGV-CR1) using BstII, except PhopGV-CR2 and PhopGV-CR3, which displayed identical profiles with this enzyme (table 1). Only two fragments allowed their identification as distinct strains: NdeI-c1 ( fig. 1) and SmaI-d1. All four strains shared the following six RFLPs: MluI-L (3620 bp), MluI-l1 (3410 bp), BstEII-I (4614 bp), BstEII-i1 (4450 bp), BstEII-J (4267 bp) and BstEII-j1 (4325 bp) (table 1). Submolar concentrations were observed in digestions with several endonucleases for all Costa Rican isolates ( fig. 1 and  table 1 ). REN profiles were identical for all isolates following treatment with HindIII or DraIII.
Primers within ORFs 46, 109 and within a region encompassing ORFs 83 and 84 yielded a single amplicon of the same size (1200, 1000 and 250 bp, respectively) for all strains tested, including the reference PhopGV-CR1. Primers within ORF 129 produced a total of six different amplicons in the 
In bold, RFLPs obtained from the Costa Rican isolates that are absent in the reference PhopGV-4.2. These were named using the restriction endonuclease fragment name of PhopGV-4.2 which migrated closest above it in lower case letters followed by a number. Their molecular weight is approximate (ca.). Asterisks indicate fragments present in submolar concentrations.
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Costa Rican strains ( fig. 2, table 2 ). According to Espinel-Correal et al. (2010) , each ORF 129 amplicon denotes the presence of a genotypic variant and they designated egt region types 1-5 to amplicons of 937, 723, 1023, 569 and 869 bp, respectively. Each PhopGV strain comprised between 2 and 4 of these egt region types except for PhopGV-CR5, which had only a type 1 amplicon plus an additional amplicon of 783 bp that had not been described so far and which was designated here as egt region type 6 (table 2) .
Insecticidal activity of the Costa Rican granulovirus strains
Bioassays in P. operculella indicated that the newly isolated Costa Rican PhopGVs, as well as the laboratory isolated strain, PhopGV-CR2, were all as pathogenic as the reference strains PhopGV-1346 and PhopGV-CR1, with LC 50 values statistically similar to those of these strains (table 3) . In T. solanivora, isolates PhopGV-CR3 and PhopGV-CR2 killed more than 50% of the larvae at the lowest (0.5 OBs/mm 2 ) and second lowest (5 OBs/mm 2 ) concentrations, respectively, indicating a high pathogenicity of both these strains against T. solanivora. The LC 50 values of the rest of the soil isolates, PhopGV-CR4 and PhopGV-CR5, were statistically similar to those of PhopGV-1346 and PhopGV-CR1 (table 3) . For all virus treatments in both species, mortality increased with increasing OB concentration. A common slope for concentration-mortality could be fitted for T. solanivora but not for P. operculella. No virus mortality was registered in mock-infected control insects.
Discussion
Efficient protection of potato tubers against P. operculella and T. solanivora in the field may be achieved by soil application of baculovirus-based bioinsecticides (Gó mez-Bonilla et al. 2011b) . Given that high levels of diversity occur within baculovirus populations, the existence of viral strains or genotypes well adapted to soil habitats and, at the same time, with elevated levels of pathogenicity for both pest species was hypothesized. In this study, three soil PhopGV Table 2 PCR amplicons (bp) of ORF 129 and their corresponding egt region types yielded by PhopGV-CR1 (CR1), PhopGV-CR2 (CR2), PhopGV-CR3 (CR3), PhopGV-CR4 (CR4) and PhopGV-CR5 (CR5) Amplicon size (bp) egt region type CR1 CR2 CR3 CR4 CR5
strains were identified at the molecular level and their performance as BCAs evaluated in terms of OB pathogenicity. Several baculovirus strains of Helicoverpa armigera single nucleopolyhedrovirus (HaSNPV) or Spodoptera exigua multiple nucleopolyhedrovirus (SeMNPV) have been previously isolated from soil samples by incorporating soil samples into the artificial diets used to rear insect hosts (Richards and Christian 1999; Murillo et al. 2006 ). As we lacked artificial diets for P. operculella or T. solanivora, we had to modify this technique slightly by soaking potato tubers in aqueous soil suspensions. With this technique, we were able to detect PhopGVs in three of the four Costa Rican soil samples analysed, from Alvarado, Zarcero and Abangares.
Overall, 47% of larvae treated with Alvarado vermicompost soil died, indicating a high prevalence of virus in this sample. Considering this soil preparation had not been used for cultivation before, the presence of active virus may seem surprising. However, it was kept next to potato crops and warehouses with stored potatoes, and therefore next to pest populations from which the vermicompost may have acquired the virus naturally. Dispersal of OBs by abiotic agents such as air currents, agronomic practices and rain is crucial for the transition between nontransmissible reservoir populations and ephemeral but transmissible subpopulations (Murillo et al. 2007) . The presence of virus in the other two soil samples is more noteworthy. Although GV prevalence in the sample from Zarcero was much lower (4%) than in Alvarado, this sample came from a pasture ground that had remained uncultivated for 10 years, and the closest solanaceum crops were located at a distance of ca. 1 km. The amount of GV OBs in the sample from Abangares was even lower (1%). The lower altitude and higher temperatures of this location are unfavourable conditions for T. solanivora or P. operculella outbreaks, and potato cultivation was initiated in Abangares only in the last decade using low-altitude varieties. The presence of active GVs in Abangares and Zarcero, although tiny, constitutes further evidence of the long persistence of OBs in the soil in the absence of the insect host, as has been observed previously for other baculoviruses (De Moraes et al. 1999; Murillo et al. 2007 ). In any case, high persistence in the uppermost soil layers is favoured by the affinity of OBs to soil particles, especially to the clay components, to which most OBs remain strongly bound (Hukuhara and Namura 1972; Jaques 1985; Fuxa and Richter 2001) .
The lack of PhopGV strains from Oreamuno, where the incidence of tuberworms is continuous, was unexpected. However, the presence of entomopathogens is sometimes higher in uncultivated than in cultivated soils (Martin and Travers 1989) . The presence/absence of 20 RFLP fragments, obtained from six different restriction endonucleases (table 1) , allowed differentiation of these strains. Genomic changes such as point mutations, deletions, transpositions or recombinations usually account for the observed polymorphisms (Jehle 1996; Muñ oz et al. 1997; Simó n et al. 2004) . Based on these analyses, each soil isolate was identified as a novel strain (PhopGV-CR3, PhopGV-CR4 and PhopGV-CR5). These three constitute the very first PhopGV strains obtained and identified from soils. An additional strain, PhopGV-CR2, was identified from diseased larvae from a T. solanivora colony maintained at the Research Station Carlos Durá n.
The high OB pathogenicity values of PhopGV-CR3 against T. solanivora suggested that this strain may have originated from a viral population that is well adapted to T. solanivora. However, PhopGV-CR3 also showed high pathogenicity against P. operculella, indicating that it is adaptated to both coexisting hosts. Other PhopGV strains have been reported to be well adapted to T. solanivora, P. operculella or to both host species apparently after having had previous contact with one or both hosts (Espinel-Correal et al. 2010; Gó mez-Bonilla et al. 2011a,b) . This phenomenon has also been observed in NPVs (Ribeiro et al. 1997; Hogdson et al. 2004 ) and is probably explained by viral intraspecific heterogeneity, which renders viral populations more adaptable to varying environmental conditions (Muñ oz and Caballero 2001), including different hosts or different haplotypes of the same host. In this respect, a recent study revealed a high diversity of T. solanivora haplotypes in Central America (Torres-Leguizamó n et al. 2011). Indeed, the presence of multiple genotypic variants in a single population may include genotypes more specialized in infecting particular hosts (species and haplotypes), or even coexisting hosts, as occurs with Pannolis flammea multiple NPV (Hogdson et al. 2004 ). Accordingly, all Costa Rican isolates contained mixtures of genotypes, as indicated by the presence of submolar bands in the REN profiles and multiple amplicons in the ORF129 PCR profiles. A survey of PhopGV isolates recently performed in Colombia collected diseased T. solanivora larvae along the invasion pathway of this insect (Espinel-Correal et al. 2010) . These isolates contained mixtures of genotypic variants well adapted for replication in both T. solanivora and P. operculella. All Costa Rican strains shared many of the RFLPs and egt region types identified in the Colombian isolates, which strongly suggests that PhopGV-CR2, PhopGV-CR4 and PhopGV-CR5 have the potential to adapt to coexisting hosts when exposed to both of them. In fact, previous studies with the reference Costa Rican strain, PhopGV-CR1, resulted in a fivefold increase in OB pathogenicity against T. solanivora after only three passages in this host (Gó mez-Bonilla et al. 2011a) . Finally, these isolates may also be useful for the control of Tuta absoluta Meyrick (Lepidoptera: Gelechiidae), another pest of many solanaceous crops, as reported recently for a Brazilian PhopGV strain (Mascarin et al. 2010) . In summary, all novel Costa Rican PhopGV strains seem likely to be good candidates for soil application against P. operculella and T. solanivora, in particular PhopGV-CR3, as suggested by their soil origin, persistence, potential for host adaptability and high OB pathogenicity. 
